Many transformation products (TPs) from organic micropollutants are not included in routine environmental monitoring programs due to limited knowledge of their occurrence and fate. An efficient method to identify and prioritize critical compounds in terms of environmental relevance is needed. In this study, we applied a strategic screening approach based on a case-control concept to identify TPs formed along wastewater-impacted rivers. Time-integrated samples were collected over one week at both ends of a river stretch downstream of a wastewater treatment plant (WWTP) outfall and were analyzed by ultrahigh performance liquid chromatography interfaced with quadrupole time-of-flight mass spectrometry (UHPLC-QToF-MS/MS). The screening procedure of the high-resolution MS (HRMS) datasets consisted of three major steps: (i) screening for parent compounds (PCs) attenuated along the stretch; (ii) prediction of potential TPs from these PCs; and (iii) screening for TPs from this list with an increasing trend along the stretch. In total, 32 PCs decreased along the investigated river stretches. From these PCs, eight TPs had increasing concentrations along the studied stretches and could be tentatively identified. The identification of one TP (benzamide) was confirmed by its corresponding reference standard, while no standards were available for the remaining TPs.
Introduction
Surface water in urban and agriculturally inuenced catchments contains a large number of organic micropollutants such as pesticides, pharmaceuticals and personal care products (PPCPs) as well as industrial chemicals. [1] [2] [3] [4] [5] This is because the removal of micropollutants during conventional chemical and/ or biological wastewater treatment processes is oen incomplete. 4, 6 As a consequence, organic micropollutants and their transformation products (TPs) are emitted from wastewater treatment plants (WWTPs) 7 into receiving aquatic systems where they can undergo further transformation. 5, [8] [9] [10] Previous research has demonstrated that certain TPs can be as toxic, or even more toxic than their parent compounds (PCs). [11] [12] [13] [14] [15] Yet, the identities of many TPs are still unknown, resulting in a limited understanding of their environmental fate and ecotoxicity.
In the past few years, a rapidly growing number of studies have focused on suspect and/or non-target screening to identify currently overlooked pollutants in water samples. [16] [17] [18] [19] [20] [21] These techniques are enabled by high-resolution mass spectrometry (HRMS). Most studies are initially based on laboratory experiments at elevated concentrations to facilitate the identication of TPs, [22] [23] [24] which are then searched for in environmental samples. 16, 25, 26 Strategies have also been developed to assist and simplify the detection of TPs directly in natural waters and wastewater, based on the use of characteristic fragmentation 27, 28 or mass defect ltering. 29 Such applications mostly contribute with information on the occurrence of TPs 18, 25 likely formed under the conditions during conventional wastewater treatment processes and emitted directly from the WWTPs. 7 However, there is less information available on TPs that are formed in natural waters aer discharge of their PCs.
In the present work we applied a screening approach based on a case-control concept 30 to identify the TPs that are formed from organic micropollutants along four typical wastewaterimpacted rivers. By comparing the full-scan datasets obtained from the samples collected from a downstream site to those from an upstream site (i.e., the control samples), we were able to rapidly allocate those PCs that showed a decreasing trend and their corresponding TPs that were formed along the river stretch.
Experimental methods

Chemicals and reagents
High-purity standards for PCs and -if available -TPs were obtained from Sigma-Aldrich (Steinheim, Germany), Wellington Labs (Toronto, Canada) and Riedel-de Haën (Seelze, Germany) and were stored under the recommended conditions until use. Ultra-gradient HPLC grade acetonitrile and methanol were obtained from Merck (Darmstadt, Germany). A Milli-Q-Plus ultrapure water system from Millipore (Milford, MA, USA) was used. High purity formic acid was obtained from Sigma-Aldrich. Stock solutions of the standards were prepared in methanol and were stored in amber screw-capped glass vials in the dark at À20 C. A standard working solution containing 65 analytes was prepared in methanol at 1 mg L
À1
. These analytes are part of an already validated target analysis method that were used to conrm the presence of PCs in this study (see Table S1 in ESI † for a complete list). A recovery standard mixture containing the isotope-substituted compounds 2,4-dichlorophenoxyacetic acid- 13 C, caffeine- 
Sampling
Sampling was carried out in four small-to medium-sized European wastewater-impacted rivers, i.e., Gründlach (GR) in Germany, Fyris (FY), Rönne (RO), and Viskan (VI) in Sweden. The selection criteria and characteristics of the studied rivers are discussed in detail in Li et al. (2016) , with maps for the sampling area provided.
7 Water was concurrently sampled over a period of one week in June-August 2014 using automatic samplers (3700 compact, equipped with Teon suction line and stainless steel inlet lter; Teledyne ISCO, Lincoln, NE) at both ends of a stretch downstream of a WWTP outfall. Site A in each river system was located aer the complete mixing of the WWTP effluent with the river water, while site B was located 6-12 km further downstream but before the next main source of organic micropollutants into the river (e.g. a major conuence or effluent from other WWTPs). Every hour 50 mL of water was sampled at a depth of approximately 20 cm below the water surface, and 24 consecutive samples were combined to get one daily composite sample. At the end of the sampling period, aliquots of these daily samples were combined to give a weekly composite sample for each site. During the sampling period, all samples were kept in darkness in the sample container lled with ice to immediately refrigerate the samples. Samples were stored in 1 L HDPE containers and transported frozen to the laboratory.
Analytical method
Extraction. Composite river samples (100 mL; including one upstream and one downstream sample from each of the four rivers) were spiked with the recovery standard mixture (nal concentration 50 mg L À1 ) before solid phase extraction (SPE)
with Oasis® HLB cartridges (6 cc, 200 mg). SPE cartridges were preconditioned with 4 mL methanol followed by 4 mL Milli-Q water prior to sample loading. Following sample loading, the SPE cartridges were le to dry under low vacuum for one hour and then were extracted twice with 2 mL methanol. The eluents were evaporated to approximately 1 mL using a 40 C heating block and a gentle stream of nitrogen. The extracts were ltered through a syringe tted with a 0.22 mm PTFE lter, and transferred to 1.5 mL glass vials. Sample volumes were further reduced under a gentle stream of nitrogen to 200 mL and made up to their nal volume of 500 mL with 20 : 80 methanol : Milli-Q water. All samples were spiked with the injection standard (nal concentration: 10 mg L À1 ) prior to analysis.
UHPLC-QToF-MS/MS analysis. Chromatographic separation of the analytes was achieved using a Shimadzu Nexera X2 UHPLC system equipped with a binary pump. A reverse-phase XDB-C18 analytical column (4.6 mm Â 50 mm and 1.8 mm particle size; Agilent Technologies, Santa Clara, CA) was used for negative mode and a XDB-C18 column (2.1 mm Â 100 mm and 1.8 mm particle size, Agilent Technologies) for positive mode. For compounds analyzed using the negative ionization mode, 1% methanol in Milli-Q water was used as mobile phase A and 10% Milli-Q water in methanol as mobile phase B, with 5 mmol L À1 ammonium acetate in both phases. The initial gradient (10% B) was held for 0.2 min followed by a gradient ramp to 100% B within 6.5 min and maintained for 3.0 min, then the gradient returned to the initial composition within 0.1 min, followed by equilibration for 2.2 min. The injection volume was 10 mL. The column unit was held at 45 C with a ow rate of 0.6 mL min
À1
. For analysis in positive ionization mode mobile phases A and B were Milli-Q water and methanol, respectively, both containing 0.1% formic acid. A linear gradient ramped from 5% B to 100% B within 10 min, and then was kept for 4.5 min at 100% B before returning to the initial conditions within 0.1 min, followed by equilibration for 2.0 min. The ow rate was 0.4 mL min À1 ; the column oven was held at 50 C. The injection volume was 5 mL. The analytical columns and mobile phases differed between positive and negative ionization modes to optimize detection and retention of the compounds of interest. The UHPLC was coupled to a hybrid QToF mass spectrometer (TripleTOF 5600 System, AB Sciex, Framingham, MA, USA) with an electrospray ionization (ESI) interface working in negative and positive ionization modes. The ion source parameters were optimized to the following nal conditions: ion spray voltage oating (ISVF) of À4500 V and 5500 V for negative and positive ionization, respectively; temperature (TEM) of 600 C; curtain gas (CUR) of 35 L min À1 and ion source gas (GS1 and GS2) of 70 psi.
High purity nitrogen was used as the nebulizer gas, curtain gas, and collision gas. The declustering potential (DP) and collision energy (CE) were (À)80 V and (À)10 eV. propylene glycol introduced via a syringe pump connected to the interface. The instrument was calibrated in both full-scan ToF-MS and MS/MS modes. The mass spectrometer was operated with a resolution power (RP) of approx. 30 000 FWHM (full width at half maxima). This QToF uses an automated external calibration system for mass accuracy with an injector system (CDS, calibrant Delivery System Status) and an internal auto calibration by means of an interactive recalibration tool based on the common background ions found. Post-acquisition data processing. Post-acquisition data processing was carried out for the identication of target compounds and the structural characterization of non-target and unknown polar compounds. Data obtained with LC-ESIQToF-MS were processed with the PeakView soware (Version 2.2, AB Sciex) and MasterView soware (Version 1.1, AB Sciex), which incorporate tools to display, lter, and process datadependent MS n acquisition (IDA), along with XIC Manager and MS Library tools. XIC Manager and the MS library were used for rapid screening and identication of target compounds and for other compounds not included a priori in the analytical method (considered as non-target compounds in this study). The library of accurate mass information and MS/MS spectra from AB Sciex was utilized, which includes approx. 3000 compounds (mainly pesticides and pharmaceuticals). In addition to this, a new library database containing both ToF MS and MS/MS spectra of the 65 target compounds selected in this study at CE (À)35 AE 15 eV was made.
Calculations
A case-control concept was applied, with water samples collected from sites A (downstream of the WWTP outlet) and B ($10 km further downstream) were considered as control and case samples, respectively. For each river Att x (unitless) of a substance along the stretch was calculated by rst dividing the peak area at case site B by that at control site A, then normalizing this ratio to the peak area ratio of acesulfame at both sites. The articial sweetener acesulfame -a persistent compound frequently detected in aquatic systems 31, 32 as well as in the studied rivers at high concentrations (mg L À1 level) 7 -was used as reference compound to account for dilution along the stretch. Positive values of Att x indicate a decreasing trend from site A to B, while negative values indicate an increasing trend. Att x for a substance x along the studied stretch is thus given by: (1) where area x,siteA and area x,siteB are the peak areas of substance x at site A and B, respectively and area REF,siteA and area REF,siteB are the peak areas of the reference compound acesulfame at sites A and B. Att x is set to ÀN in cases where a substance was not detected at site A.
Case-control screening strategy
A three-step screening strategy was established to identify TPs increasing along the river stretches: (i) screening for PCs; (ii) prediction of TPs; and (iii) screening for TPs. This approach is detailed below (more parameter settings can be found in ESI †) and schematically illustrated in a owchart combining the screening results as Fig. 1 . In both steps I and III, blank subtraction was performed by rst comparing the results of a river sample and a reagent blank (i.e. extracted blank) against each other, then subtracting all the compounds detected in both samples at the same peak areas (within a difference range of 20%).
Step I -screening for parent compounds. Suspect screening was performed using a reference library containing 2560 common aquatic organic micropollutants that was assembled from a commercial database from AB Sciex and represent structurally diverse chemical classes. Conrmation of target analytes was based on the retention time, the accurate mass measurement of the molecular ion (mass error), the isotopic pattern and by automatic MS/MS library search. A compound was discarded if the monoisotopic peak intensity in the extracted chromatogram was <1000 counts or if the signal to noise ratio was <200. The cut-off values were chosen due to two reasons: (i) characteristic fragments for structural elucidation can only be achieved at high intensity of the precursor ion, and (ii) TPs are more likely to be detected at a response sufficiently high for identication. The exact masses of all compounds were extracted with a mass error window of 5 ppm. The isotope pattern of the precursor ion was automatically compared with the theoretical cluster predicted from the molecular formula and a compound was retained in case of a match >90%, calculated by a combination of the exact masses and intensity ratios. Thereaer the MS/MS data of all retained compounds were compared to those documented in the reference library and the compounds for which >70% of the fragmentation (both the number of fragments and their intensity ratios) can be explained by the MS/MS library were dened as tentatively identied organic micropollutants.
Step II -prediction of transformation products. The tentatively identied organic micropollutants which had a concentration decrease >30% (i.e. Att x > 0.30) between sites A and B were considered as PCs. Potential TPs from each PC due to microbial degradation were predicted using the EAWAG-BBD pathway prediction system. The transformation rules of this system have been derived from an extensive collection of known biodegradation pathways for over 1400 chemicals (database last updated on June 30, 2014). 33 For each PC, we predicted three generations of TPs, allowing for both aerobic and anaerobic transformations.
Step III -screening for transformation products. A suspect list containing all predicted TPs was established, using their formulas, molecular structures and exact masses (see Table S2 in ESI † for a complete list). The isotope patterns of the compounds were automatically calculated by MasterView based on their molecular formulas. A compound was discarded if the monoisotopic peak intensity in the extracted chromatogram was <500 counts or if the signal to noise ratio was <50. The exact masses were then extracted from the sample chromatograms and detected peaks were ltered using the same criteria for mass error and isotope pattern as described in step I for PCs. For compounds fullling these criteria, the Att x was calculated and only those with a negative value (Att x < 0 or Att x of ÀN) were retained and further checked for ionization plausibility under the detected ESI mode. For instance, compounds containing acidic functional groups were considered detectable in negative ionization mode, while compounds containing amino functional groups were expected to be detectable in positive mode. Furthermore, the octanol-water partition coefficient (log K OW ) is known to represent a reasonable indicator of the retention of organic substances on a C18 column. 25 We therefore compared log K OW (predicted on the website http://chemicalize.com) and measured RT of the proposed TPs to those of their corresponding PCs. The TPs for which the RT relative to the RT of the PCs was consistent with the difference in log K OW between PC and TP (e.g., a TP with a lower log K OW than that of its PC has an earlier RT and vice versa) were considered as tentatively identied TPs. To further conrm the tentatively identied TPs in the samples, their molecular structures proposed by the EAWAG-BBD pathway prediction system were searched within the ChemSpider database. In case of a match, we further compared their recorded MS/MS information with the theoretical spectra of the associated compounds using the in silico fragmentation program MetFrag.
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For the tentatively identied TPs that were retained from the screening procedure, commercial reference standards were purchased if available (only benzamide at the time this study was carried out). The RT and mass spectra of the reference standard was recorded by injection of a standard solution (concentration: 10 mg L À1 in methanol) on the UHPLC-QToF-MS/MS.
Results and discussion
Performance of the case-control screening approach
Overall, the case-control screening approach was efficient and accurate in reducing the complexity of processing HRMS data to identify polar organic micropollutants with a desired mass trend along the river stretches (Fig. 1) . In total, 48 organic micropollutants were tentatively identied in the four studied rivers receiving treated wastewater. To evaluate the detection efficiency of organic micropollutants and the reliability of the screening procedure, the screening results from the present study were cross checked with the results obtained from a target analysis on the same samples. 7 Overall, the Att x determined for 17 different micropollutants common in the two studies were well correlated (R 2 ¼ 0.89). Of the 17 compounds detected using target analysis by Li et al. (2016), 14 were also identied during step I in this study, of which three compounds (acesulfame, carbamazepine, and uconazole) were persistent while the others had a decreasing trend, albeit to different extents (Fig. 2) . The remaining three compounds (chlorthalidone, glimepiride, and ketoprofen) that were not detected by the case-control screening procedure still agree with the results from the target View Article Online analysis as these compounds were only detected occasionally in the rivers and in general had relatively low concentrations compared to the other target compounds. For both the PC and TP screening steps, the two criteria peak intensity and signal to noise ratio led to a reduction by >90% of the features, and the criteria exact mass, isotope pattern and MS/MS information further narrowed down the datasets. From the PC screening step, 48 organic micropollutants were tentatively identied in the studied rivers with a match in the reference library (Table 1) : two ame retardants (hydroxylphenyl diphenyl phosphate and triphenyl phosphate), two fungicides (udioxonil and pyroquilon), one herbicide (dinoseb), one insecticide (DEET), one antiseptic (8-hydroxyquinoline) and 41 PPCPs. Out of these 48 organic micropollutants, 32 had a >30% decrease between sites A and B and were therefore treated as PCs in step II in which TPs were predicted. As shown in Table 1 , the Att x values for the organic micropollutants detected in the four rivers varied notably, i.e., from À1.6 for metamfepramone (indicating a higher concentration at the downstream site) and gabapentin in river FY to 1.0 for losartan in GR (indicating an elimination). This is also qualitatively in good agreement with the results obtained from the target analysis on the same samples, 7 showing that Att x values of the target analytes varied between the rivers. For instance, the attenuation of one pharmaceutical hydrochlorothiazide was similar in the three Swedish rivers (i.e., FY, RO, and VI) but lower than in GR by a factor of up to 2. We hypothesized the different attenuation rates between the rivers to mainly be attributed to complex biogeochemical processes in combination with the hydraulic conditions of the rivers. The conrmed persistence of carbamazepine along the investigated river stretches (Att x of 0; Table  1 ) further supports that our screening method and the Att x calculation strategy (by normalizing the peak areas to those of a reference compound) are valid.
Screening for transformation products
In total, for the 32 PCs that were attenuated with Att x >0.30 between the control and case sites, 1315 potential TPs (three generations for each PC) were predicted by the EAWAG-BBD pathway prediction system, yielding another suspect list for TP screening in step III. In the end, this procedure led to eight tentatively identied TPs (Table 2 ), all in rivers GR and FY -the two rivers that had the highest proportion of wastewater among the four investigated rivers (i.e., up to 80% for GR and 20% for FY as compared to 1% for RO and 7% for VI). The abundance of these TPs at sampling site B compared to site A (close to WWTP outlet) was estimated using the instrument response ratio normalized to the reference compound in each river. The abundance increased by a factor of 1.6 for MET-265 in FY (Att x of À0.6) to 11 for BEZ-178 in GR (Att x of À10.1). Furthermore, one of the eight tentatively identied TPs, benzamide (BEZ-121), was conrmed by its corresponding reference standard, while no reference standard was available for the remaining compounds. For these seven tentative candidates, molecular structures were therefore proposed directly based on the suggestion of the EAWAG-BBD pathway prediction system and elucidated based on the MS/MS data.
Here we use one TP (FEX-222) of fexofenadine (an antihistamine) as an illustrative example to describe the identication procedure (Fig. 3) . FEX-222 was proposed as a third-generation microbial degradation product of fexofenadine by the EAWAG-BBD pathway prediction system. The extraction of the m/z (C 13 H 17 O 3 , [M À H] À ¼ 221.1184) of this proposed TP revealed a distinct peak at a RT of 4.8 min (Fig. 3A) in both the control and case site samples. The isotope pattern with a 13 C signal of 20% abundance compared to the monoisotopic peak tted well with the molecular structure (Fig. 3B) . The Att x value was <0 and thus the peak was retained as a TP candidate. The detection of the compound under negative ionization mode agreed with the presence of an acid moiety on the molecule. Furthermore, the predicted log K OW of the proposed TP (2.5) is lower than the log K OW of its PC fexofenadine (2.9), supporting the shorter RT of the TP relative to fexofenadine. Based on the fulllment of all criteria, the peak was processed further and the MS/MS spectra for the precursor ion were extracted. As the specic candidate TP is contained in the ChemSpider database, the fragmentation elucidation with the assistance of MetFrag was possible, and a plausible structure was assigned to all the four dominant fragments (Fig. 3C) .
Evaluation of the screening strategy
Non-target and suspect screening studies enabled by HRMS techniques have opened new opportunities in environmental science and environmental monitoring. One important application is the identication of known and/or unknown Table 1 The organic micropollutants tentatively identified (sorted alphabetically) in the studied rivers using the case-control screening approach. Shown are their molecular formula, ESI mode, theoretical exact mass, mass error, retention time (RT) and shift, log K OW and the screening scores for isotope match and MS/MS match during step I View Article Online compounds such as TPs in environmental and biological samples. To reduce the common communication difficulties regarding identication condence and reliability, which are inevitable in such HRMS-based studies due to varying identi-cation pathways and substances, a comprehensive identica-tion condence level system was proposed by Schymanski et al.
, 35 introducing ve condence levels of the identication of a specic (unknown) compound. The so-called identication condence reects the occurrence probability of false positives generated from the developed/applied screening approach. A higher identication condence indicates that it is highly unlikely that the identied compounds are false positives, and vice versa. Reference standards are always essential for an identied compound to be fully excluded from a false positive, as also described in the requirement for level 1. In this study, the identication of benzamide reaches level 1 -conrmed structure -using the reference standard (see Fig. S10 in ESI † for structural elucidation); while the identication of FEX-222 falls into level 2, which indicates that the probable structure can be supported by different evidences such as library spectra data and/or diagnostic MS/MS fragments (as shown above in Fig. 3) . However, the identication of the other six TPs (see Table 2 ) can at this stage only be categorized into level 3, which describes tentative candidates but with insufficient information on the exact structures. The lack of detectable fragments of these six TPs is highly likely attributed to the low abundance in the rivers and a possible sensitivity limitation of the instrument. To increase the identication condence level for these TPs, a higher injection volume in combination with additional optimization of the MS tuning parameters (e.g., increasing the collision energy) and/or reference standards are necessary.
The false negatives linked to this screening approach are mostly the TPs overlooked during individual screening steps. In this study, the three main causes for false negatives are: (i) TPs absent on the suspect list; (ii) TPs being outside the analytical method and screening approach domain; and (iii) unidentied PCs with Att x >0.30. A major reason for case (i) is that the EAWAG-BBD pathway prediction system predicts TPs formed exclusively from biotic transformation processes. False negatives may therefore be TPs originating from the abiotic transformation processes such as photolysis and hydrolysis. In this study, we focused on biotransformation products mainly due to a lack of equally good prediction tools for abiotic transformation processes. Nevertheless, even though we consciously limited our scope to biotransformation products, the presented approach can be potentially applied to screen for TPs from any other transformation pathway given such a prediction tool. The second cause for false negatives (ii) directly depends on the sensitivity of the instrument and the concentrations of PCs as peaks with too low intensity are immediately discarded during step I (PC screening). Outside the method domain would also be the case for all compounds that cannot be ionized in ESI for instance. Additionally, there is one type of false negatives inherent to our method, namely compounds that are discriminated during the sample extraction step. This limitation can potentially be overcome if other extraction methods (e.g., complementary SPE cartridges, different pH conditions or different extraction techniques) are used to retain PCs and TPs with considerably different physical-chemical properties. The third cause for false negatives (iii); i.e., that attenuating PCs are not identied, can be due to varying reasons such as exclusion of the PC in the database or poor PC detection during step I which again directly results from analytical problems, e.g., sensitivity and selectively. It is also possible that a PC does not disappear, but is still transformed. This would be possible in the case of a PC that is transformed, but to some extent is also back-transformed from some co-emitted TP(s). An exclusion of potential PCs could also be due to the arbitrary criterion of Att x >0.30. In total, there are six detected PCs having the Att x value >0 but #0.30 (Table 1) . A main reason for choosing this threshold value (apart from considering the uncertainty) was to increase the chance that the increased TP concentration can be (Table S1 and Fig. S1-S9 ). b log K OW was predicted on the website http://chemicalize.com.
capt- Nevertheless, even though we can assume that our screening concept produces a substantial number of false negatives, the inevitable false negative issue is inherent to any type of suspect and non-target screening analysis using HRMS. Effort has been dedicated to tackle the challenge of balancing false positive and false negative rates in a suspect screening study using multivariate statistics, 36 but such approaches cannot be easily extrapolated to the non-target analysis, mostly due to the unlimited number of unknowns. Therefore, a rational prioritization of critical unknowns would be essential for the process-oriented studies combining nontarget screening approaches.
Given the countless number of unknown potential organic micropollutants in the environment, and a major focus on monitoring the known pollutants so far, 37 society urgently needs a strategic screening concept to prioritize the critical pollutants with respect to their environmental relevance and signicance. The process-oriented screening approach proposed in this study based on the case-control concept can have a broad environmental application range. By treating samples collected from two sampling locations as case and control samples, the high-throughput screening method provides an overall trend of pollutants from varying classes, which is valuable information when deciding on compounds for further investigations. More tailored studies with better resolution of sampling sites and/or sampling time can then be designed depending on the specic target compounds. The scope of this study has been limited to the TPs formed along a river stretch, but the approach may also be used to investigate the trend of PCs alone. For instance, in our study nine organic micropollutants on the suspect list were detected in at least one river with an increased concentration along the stretch (Att x < 0, see Table 1 ), including one ame retardant (triphenyl phosphate), one insecticide (DEET), one herbicide (dinoseb) and six PPCPs (8-chlorotheophylline, adenosine, metamfepramone, norethisterone, trenbolone, and trihexyphenidyl). These compounds were identied in step I but excluded from further screening as we specically looked for those PCs with an evident attenuation. As we consciously limited the sampling location to a river stretch where there was no known major emission source of organic micropollutants other than the WWTP upstream the control site, an increased concentration of these pollutants aer normalizing to a reference tracer would imply a hidden emission source, or groundwater leachate, or back-transformation from their TPs. This can be illustrated by the insecticide DEET detected in this study with increased concentrations at downstream of three out of four studied rivers. The occurrence of DEET in the aquatic environment has been demonstrated to involve multiple routes. 38 Although a primary source is WWTP effluent discharge, additional nonpoint diffuse sources from contaminated soil and/or contamination routes via direct transfer to water bodies used for recreational activities such as swimming should also be taken into consideration.
Conclusions
Generally, the lack of knowledge of dominant TPs formed in surface water hampers comprehensive research on environmental distribution, persistence, and (eco)toxicological effects of both PCs and TPs. This was addressed in the present study, providing a rapid and reliable process-oriented screening approach to prioritize and identify TPs of high environmental relevance with respect to a formation along rivers. The casecontrol concept retaining only PCs and TPs with their attenuation (for PCs) and formation (for TPs) rates meeting dened criteria (i.e., a spatial trend in the eld) was essential in reducing data processing time. The accuracy of the overall approach was shown by the conrmation of one identied TP for which a reference standard was available. TPs were mostly identied in the two rivers (GR and FY) receiving the highest proportions of wastewater. The formation and detection of TPs highlights the need of TPs to be included when investigating the environmental fate of organic micropollutants. Unlike many TPs that have been previously identied from well-dened lab incubation experiments, the eight TPs identied in this study were specically generated in natural waters. One such example is the tentatively identied TP BEZ-178, which had an Att x value of approx. À10, indicating that its concentration was 10 times higher at the downstream site compared to the site close to the WWTP outlet. Detection of certain TPs at higher concentrations even 10 km downstream of the WWTP outlet points to a need for (eco)toxicological risk assessments. In addition, improved transformation prediction tools (especially for abiotic transformation processes) are necessary to extend the suspect libraries and to reduce the number of overlooked dominant TPs. View Article Online
